Collective cell migration is key to morphogenesis, wound healing, or cancer cell migration. However, its cellular bases are just starting to be unraveled. During vertebrate gastrulation, axial mesendoderm migrates in a group, the prechordal plate, from the embryonic organizer to the animal pole. How this collective migration is achieved remains unclear. Previous work has suggested that cells migrate as individuals, with collective movement resulting from the addition of similar individual cell behavior. Through extensive analyses of cell trajectories, morphologies, and polarization in zebrafish embryos, we reveal that all prechordal plate cells show the same behavior and rely on the same signaling pathway to migrate, as expected if they do so individually. However, by using cell transplants, we demonstrate that prechordal plate migration is a true collective process, as isolated cells do not migrate toward the animal pole. They are still polarized and motile but lose directionality. Directionality is restored upon contact with the endogenous prechordal plate. This contact dependent orientation relies on E-cadherin, Wnt-PCP signaling, and Rac1. Importantly, groups of cells also need contact with the endogenous plate to orient correctly, showing an instructive role of the plate in establishing directionality. Overall, our results lead to an original model of collective migration in which directional information is contained within the moving group rather than provided by extrinsic cues, and constantly maintained in cells by contacts with their neighbors. This self-organizing model could account for collective invasion of new territories, as observed in cancer strands, without requirement for any attractant in the colonized tissue.
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embryogenesis | cell movement | 3D tracking C ollective cell migration is the displacement of a group of cells remaining connected during their movement (1, 2) . This results in migrating cohorts, with varying degrees of tissue organization ranging from highly cohesive sheets of cells, as observed in wound healing (3), to very loose arrangements, as neural crest streams (4, 5) . Movement of cell groups are ubiquitous in morphogenesis, occurring for instance in gastrulation, blood vessel formation, Drosophila border cell migration, or fish lateral line primordium migration (6) (7) (8) (9) . However, contrary to individual cell migration, for which much has been learned from in vitro studies, the mechanisms ensuring collective migration in vivo are just starting to be unraveled (10) . Some of the essential questions needing to be addressed are what drives the directed motion of the group, and what are the exact nature and importance of cell-cell interactions to produce a collective synchronized motion. Understanding the bases of collective migration is not only key to our comprehension of development and regeneration, but is also highly relevant to cancer biology, as many human tumors, including breast cancer, melanoma, and colorectal carcinoma, exhibit predominantly collective invasion of the surrounding tissues (2) .
Here, we investigate these questions using the fish axial mesendoderm, or prechordal plate, as a model of collective migration. Prechordal plate is a group of cells constituted of the first internalizing cells on the dorsal side of the embryo (11, 12) .
During gastrulation, this group leads the forming axis, migrating from the embryonic organizer to the animal pole, to later give rise to the hatching gland (13, 14) . The prechordal plate has been described as a cohesive group, the cohesion of which is thought to be required for effective migration (15, 16) . However, most studies have focused on the anterior-most cells of the plate, and the architecture of the moving group has thus not been analyzed. In addition, based on a mutant situation, it has been proposed that prechordal plate cells can migrate effectively as individuals (17) , opening the possibility that the collective motion actually results from many cells independently doing the same thing at the same time. Whether prechordal plate migration is a true collective process thus remains an open question.
Another open question regards the directional cues guiding prechordal plate cells. In Xenopus, PDGF is required to orient prechordal plate cells toward the animal pole (18) . In fish, PDGF and its downstream effector PI3K are required for cell polarization and motility, and prechordal plate cells can respond in vitro to a source of PDGF (13) . However, no localized source of PDGF has been identified in the embryo, and, more importantly, prechordal plate still migrates toward the animal pole in absence of PDGF signaling, suggesting the existence of other mechanisms ensuring directionality.
In the present study, we combined four-dimensional imaging, detailed cell polarity analyses, and direct modification of cellular environment to elucidate the internal architecture of the moving prechordal plate, and address the role of collectiveness in directing the group. We found that all plate cells display the same migration properties and use the same pathway to polarize, as expected if they migrated independently of one another. However, directly testing the ability of single cells to migrate showed that prechordal plate migration is a true collective process, as isolated cells do not migrate toward the animal pole. Strikingly, groups of cells do not migrate either, but require a directional signal provided by contact to the endogenous plate to do so, in an E-cadherin-, Wnt-PCP-, and Rac1-dependent process. This led us to a model of collective motion in which directionality is self-contained in the moving group and transmitted between cells through cell-cell contacts.
To address this point for the prechordal plate, we first labeled all cell membranes (with mCherry) of transgenic embryos, Tg(gsc: GFP), expressing GFP in migrating prechordal plate cells. The plate appeared as a group, approximately 13 cells wide and four cells thick in its thickest part, migrating beneath the ectoderm and above the yolk syncytial layer (Fig. 1A and Movie S1), in which cells tend to maintain their relative positions (Movie S1). To look for possible differences in behavior between cells at different positions in the plate, we turned to a quantitative analysis of cell movements. All plate nuclei were labeled (Histone2B-mCherry fusion) and tracked in 3D (Fig. 1B and Movie S2). Instantaneous measures were registered and interpolated over successive time points and different embryos (SI Materials and Methods). ), but, importantly, these different speeds are randomly distributed within the plate. No major spatial speed gradient could be identified (Fig. S1B) . Analysis of other migration characteristics (i.e., direction of movement, persistence, coherence) led to the same conclusion (Fig. S1A) . These results show that all prechordal plate cells display a similar migrating behavior (i.e., speed, orientation, persistence, coherence) regardless of their position in the plate, leading to their coherent movement toward the animal pole. Interestingly, some cells divide in the plate during its migration. Even though these cells were probably not migrating actively for the few minutes preceding division, only a mild decrease in their instantaneous speed could be observed, suggesting a non-cellautonomous effect in cell migration, the dividing cells being carried away by their moving neighbors (Fig. S1C ).
All Plate Cells Migrate Actively Using a Similar Molecular Pathway.
Overall, plate cells thus move coherently, all cells displaying the same migration characteristics. In many described systems, such as angiogenesis or cancer strand migration, coherent group migration is achieved through the establishment of leading cells at the front that emit dynamic cytoplasmic extensions, whereas the following cells display a less dynamic stalk cell fate (19, 20) . Regarding prechordal plate, previous analyses have established that front cells emit frequent cytoplasmic extensions pointing toward the animal pole (14) , but the behavior of posterior cells has not been analyzed, probably because it requires labeling some cells but not their neighbors, so as to clearly see their morphology. To achieve this, we injected plasmidic DNA, leading to mosaic expression, or performed cell transplantations from the embryonic shield of a labeled donor embryo to the shield of an unlabeled host. Using a Lifeact-mCherry fusion in the Tg(gsc:GFP) line revealed that posterior cells emit actin-rich cytoplasmic extensions ( Fig ·min −1 at the front and more posteriorly) and with the same orientation as front cells (P front/post = 0.46, n = 105 and n = 68 extensions; Fig. 1 G and H). These extensions are also similar in length and lifetime (Fig. S1D) . Within posterior cells, most of them are in contact with the outside of the plate, whereas a few are completely surrounded by neighbors (inner cells). Because, in many systems, cytoplasmic extensions are produced toward a basal lamina or an ECM, we analyzed whether inner cells also form protrusions ( Fig. 1F and Movie S5) and found that they do so at the same frequency (0.221 extensions·cell −1 ·min − 1, n = 37 extensions) and with the same characteristics as the rest of prechordal plate cells (P front/inner = 0.87, P post/inner = 0.92; Fig. 1I and Fig. S1D ).
As all plate cells appeared to migrate actively, we wondered whether they all respond to the same external signals, or, if, as observed in the lateral line primordium (21), leading edge and more posterior cells respond to different signaling pathways. Loss of function experiments have shown that leading edge cells require a PDGF/PI3K pathway for process outgrowth and cell polarization (13) . To test if posterior cells have a similar requirement for PI3K activity, we transplanted cells expressing a dominantnegative (DN) form of PI3K (DN-PI3K) and Lifeact-mCherry into the shield of Tg(gsc:GFP) hosts ( Fig. 1 J and K) . As described for front cells, posterior cells deprived of PI3K activity displayed fewer cytoplasmic extensions than control cells (Fig. 1N) , and the remaining extensions were less oriented toward the animal pole (P < 2.10 −16 , n = 537 and n = 349 extensions; Fig. 1 L and M) . It has furthermore been established that, in front cells, the PH domain of PKB, a downstream effector of PI3K activity, localizes at the leading edge of the cell (13) . By using a PH-mCherry fusion, we found similar anterior accumulations in cells within the prechordal plate: both inner cells and cells in contact with the outside of the plate (n = 4 and n = 11, respectively; Fig. 1O and Movie S6). These accumulations often preceded the formation of a cytoplasmic extension (Movie S6). These results demonstrate that all plate cells rely on the same PI3K-dependent pathway for their migration.
Cell-Cell Contacts Are Required to Orient Migration. Altogether, our analyses suggest that all plate cells have the same migrating characteristics, raising the possibility that each plate cell may migrate independently of its neighbors, the observed collectiveness simply resulting from the fact that all cells respond similarly to the same signals. In such a hypothesis, a single cell should be capable of migrating alone, which has been previously suggested (17) . However, in this work, single cells rapidly stopped migrating, supposedly because they lost their prechordal plate identity (17) , precluding the full assessment of their migrating abilities. To directly address if a single plate cell can migrate, we needed this cell to maintain its plate identity.
Strong activation of the Nodal signaling pathway drives naive cells to take part in endodermal derivatives and in hatching gland, the prechordal plate derivative (Fig. S2A) (22) . Conversely, loss of function of casanova, a downstream effector of the Nodal pathway, leads to a complete absence of endodermal derivatives, but does not affect hatching gland formation (23) . We thus activated the Nodal pathway in the absence of casanova in naive cells. This led these cells to express the prechordal plate marker gsc during gastrulation, migrate toward the animal pole, and take part in the hatching gland at 24 hours post-fertilization (Fig. S2) . Activating the Nodal pathway in absence of casanova thus drives cells toward a prechordal plate fate and behavior.
We took advantage of these results to assess whether a single plate cell can migrate. One single induced cell [Taram-A (Tar*) + MoCas] was transplanted at shield stage to the dorsal side of a host embryo, approximately 50 μm ahead of the endogenous prechordal plate (Fig. 2A) . In this position, the transplanted cell is on the trajectory of the endogenous plate and is thus most likely in an environment permissive for its migration. We first checked that these isolated cells keep their plate identity, as assessed by the expression of gsc (Fig. 2 B and C) . We then analyzed their migratory behavior. Strikingly, isolated cells do not migrate toward the animal pole (n = 7 independent experiments; Fig. 2 D and E and Movie S7). They stay around their position or migrate backward toward the endogenous prechordal plate. However, as soon as they are joined by the endogenous plate, they start migrating toward the animal pole, joining the front cells (Fig. 2 D and G and Movie S7). This demonstrates that, even though all prechordal plate cells migrate actively, their migration is a true collective process, as isolated cells do not migrate to the animal pole. It is noteworthy that half of the isolated cells actually migrated backward toward the endogenous plate ( Fig. 2 E  and F) , suggesting that they might be attracted by the group, as recently described in neural crest cells (24) . Unfortunately, analysis of cells transplanted laterally or posteriorly to the plate could not confirm this point, as these cells stayed immobile, probably lacking a permissive environment for their migration.
To further understand how collectiveness controls migration, we analyzed morphology and actin dynamics of isolated cells ahead of the plate. Interestingly, these cells are motile, emitting actin-rich extensions ( Fig. 2D and Movie S7). However, these extensions are not directed toward the animal pole (n = 100 extensions; Fig. 2F ). On the contrary, as soon as the cells are contacted by the endogenous plate, actin-rich protrusions are reoriented toward the animal pole (n = 142 extensions; Fig. 2H ). This cell behavior, which corresponds to the definition of contact inhibition of locomotion (CIL) (25) shows that prechordal plate cells have an intrinsic polarity and protrusive activity but that cell-cell interactions are required to orient this activity.
E-Cadherin, Wnt/PCP, and Rac1 Are Required to Orient Cell Dynamic.
Looking for the molecular bases of these cell-cell interactions, E-cadherin appeared as an obvious candidate, as it is expressed in migrating prechordal plate cells (15) and cadherin was recently involved in CIL in Xenopus neural crest cells (26) . Previous analyses have shown that E-cadherin is required for process formation, but its potential role on process orientation has not been analyzed (15) . By using a morpholino directed against E-cadherin, we similarly found that morphant cells transplanted to a WT host form fewer cytoplasmic extensions (Fig. 3I) . However, most importantly, the remaining extensions were less oriented toward the animal pole compared with cells injected with a control morpholino (P < 2.10 −16 , n = 497 and n = 445 extensions; Fig. 3 B, D, and J) , showing that E-cadherin is required for cell polarization and for the correct orientation of this polarity toward the animal pole. In addition to E-cadherin, the Wnt-PCP pathway, known in many systems to control cell polarity through cell-cell interactions, has been involved in plate cell migration (14, 16, 27) and in CIL in crest cells (5) . To test for a potential role of the Wnt-PCP pathway in the orientation of cell polarity, we used a dominant-negative form of Dsh (DshDEP+), which specifically blocks the PCP pathway (28) . Cells expressing DshDEP+ form fewer cytoplasmic extensions (Fig. 3I) and importantly, the remaining extensions are less directed to the animal pole (P < 2.10
, n = 537 and n = 334 extensions; Fig. 3 F and J) , showing that the PCP pathway is required for cell polarity and orientation. Many effects of the PCP pathway on cell motility are mediated through small GTPases of the Rho family (29) (30) (31) . We used dominant-negative forms of RhoA, Cdc42, and Rac1 to assess their role in prechordal plate migration (32, 33) . The dominant negative form of RhoA increases the number of extensions (Fig. S3C ) and leads to a modest but significant misorientation (Fig. S3 B and F) . Inhibition of Cdc42 has no effect on extension formation or orientation (Fig. S3 C-F) . Loss of Rac1 function, however, dramatically reduces the number of cytoplasmic extensions (Fig. 3I) , as expected considering its role in extension formation. Importantly, the remaining extensions are not correctly oriented toward the animal pole (P = 8.10
, n = 537 and n = 98 extensions; Fig. 3 H and J) . Our results thus show that cell orientation relies on E-cadherin, the Wnt-PCP pathway and Rac1/RhoA.
Contact with Endogenous Plate Is Required to Orient Migration. In Xenopus neural crest cells, collective migration relies on an Ncadherin-, Wnt/PCP-, Rac1-dependent CIL to efficiently respond to an external chemoattractant (5, 26) . Cell-cell contacts locally inhibit Rac1 activity, restricting cytoplasmic extensions to the free edge of the cells. This allows groups of cells to polarize efficiently and to migrate to the source of the chemoattractant, when isolated cells do not. Our observations that isolated cells do not migrate to the animal pole but do so when joined by neighbors might result from a similar mechanism. A number of arguments, however, suggest that another mechanism is at stake in prechordal plate migration. First, whereas CIL alone should reduce the number of protrusions of cells surrounded by neighbors, we observed that all cells in the plate, whether at the periphery or inside the group, emit the same amount of extensions (0.228 extensions·cell −1 ·min −1 at the periphery vs. 0.221 for inner cells). Second, we analyzed cells bordering laterally the plate. CIL alone would lead them to extend filopodia pointing out of the plate, perpendicular to the direction of motion. However, protrusions pointed toward the animal pole, as in the bulk of prechordal plate cells (Fig. 4F ). Third and most importantly, if isolated cells do not migrate to the animal pole because they lack contact to neighbors, groups of cells should migrate properly, as observed for neural crest cells (26) . To directly address this possibility, induced prechordal plate cells were transplanted ahead of the endogenous plate, and we focused our analyses on cell groups (i.e., at least five cells in contact). Similar to isolated cells, groups are motile, emitting cytoplasmic extensions (n = 5 independent experiments; Fig. 4A and Movie S8). Strikingly, these extensions are not oriented toward the animal pole (n = 114 extensions; Fig. 4C ), and the group does not migrate to the animal pole (Fig. 4B) . However, as soon as the cell group is contacted by the endogenous plate, cells orient their protrusions toward the animal pole (n = 268 extensions; Fig. 4E ) and migrate at the front of the plate (Fig. 4 A and D and Movie S8). This result demonstrates that having neighbors is not sufficient to orient cell migration. Cell-cell contacts are not a permissive requirement to respond to an external guidance cue. On the contrary, this experiment shows that cells require an instructive directional signal and that this signal is provided by contact to the endogenous plate.
Discussion
Overall, these results led us to a model of collective migration (Fig. 4G) in which all cells actively migrate as individuals, using actin-rich extensions. However, this autonomous motility is coordinated by the existence of an intrinsic directional cue within the moving group, which is transmitted form cell to cell in an Ecadherin-, Dsh/PCP-, and Rac1-dependent process. What is the nature of this signal, and how is it polarized? The Wnt/PCP pathway has been involved in establishing tissue polarity in many systems (34) . We find here that it is autonomously required for correct cell orientation, suggesting it may be one of the cues polarizing the prechordal plate. However, this still raises the question of what initially sets the planar polarity, as it has been established that the involved ligand, Wnt11, plays only a permissive role (14) . In the primordium of the lateral line, polarization relies on the regionalized expressions of the Wnt and FGF pathways (35) (36) (37) . Such regionalized expressions could drive the oriented migration of the prechordal plate, and FGF signaling has actually been involved in prechordal plate movement in medaka (38) . However, so far, no patterned expression of these or other signaling pathways has been reported within the plate. Furthermore, in the lateral line primordium, these differential expressions correlate with differences in cell behavior, whereas we observed that all prechordal plate cells behave similarly. In Xenopus, ECM and, in particular, fibronectin have been shown to play important roles in directing anterior mesoderm migration (39) . A similar role for ECM in fish appears unlikely because the two fibronectin orthologues are not expressed on the track of the prechordal plate and the corresponding loss of functions, or integrin α5 loss of function, do not affect prechordal plate migration (40, 41) . Consistently, ECM (fibronectin and laminin) is first detected in the embryo at 65% epiboly, when the prechordal plate has already started its movement (42) . Another intriguing possibility regarding the nature of the directional information is that directionality arises from mechanical cues. Recent work in Xenopus has demonstrated in vitro that cells can polarize in response to traction exerted by their neighbors through cadherins (43) . In monolayers, such a mechanoperception has been proposed to allow collective movement through plithotaxis, the tendency of each cell to migrate along the orientation of maximal tension (44) . For prechordal plate, this model would need to be extended to multilayered groups, and the directional information would arise from the asymmetric situation of the prechordal plate, with no hypoblastic cells ahead, and notochord cells pushing or pulling on its back, creating a gradient of tension along the moving group.
Whatever the nature of the intrinsic signal, a remarkable characteristic of the model is that the orientation of the migration is independent of extrinsic cues. This could explain why no such cue could be identified so far, despite years of research. This self-organizing mechanism probably confers robustness to the system, as the group migration would not be affected by modification of its environment, either through developmental perturbation or through evolution. This type of collective migration may thus be widely used, particularly in situations in which cells need to migrate into territories that are not attracting them, as observed in cancer invasion. 
Materials and Methods
Zebrafish Strains. Embryos were obtained by natural spawning of WT or Tg(-1.8gsc:GFP)ml1 adult fish (45) , and staged according to Kimmel et al. (12) . All animal studies were done in accordance with the guidelines issued by the French Ministry of Agriculture and have been approved by the Direction Départementale des Services Vétérinaires de Paris.
Whole-Mount In Situ Hybridization and Immunostaining. In situ hybridization was performed following standard protocols (46) by using a goosecoid probe (47) . Anti-GFP (Torrey Pines Biolabs, TP-401, at 1/1,000e) was used to localize transplanted cells, as described previously (48) .
Cell Transplantation. Cells ahead of endogenous plate. To impose prechordal plate fate, Tar* mRNA and casanova morpholino were injected in one cell at the four-cell stage, together with Lifeact-mCherry RNAs to label actin. At shield stage, one or a small group of labeled cells were transplanted 50 μm ahead of the shield of a Tg(gsc:GFP) host embryo. Cell movements were manually tracked in ImageJ (National Institutes of Health) by using the Manual Track plug-in. Cellular extension orientations were measured as the angle between the cell protrusion and the direction of the animal pole. Test of molecular actors of contact-dependent cell orientation. Tg(gsc:GFP) embryos were injected at the one-cell stage with 80 pg of Lifeact-mCherry and with MoECad, MoStd, or mRNA encoding DN-PI3K, DN-Rac1, DN-RhoA, or DN-Cdc42. At the onset of gastrulation, small cell groups were transplanted from shield to shield. The prechordal plate identity of transplanted cells was assessed by their GFP expression.
Time-Lapse Imaging and Track Analyses. Imaging of cell transplants was done on a Nikon spinning disk equipped with an Evolve camera (Photometrics) or an Axioplan 2 microscope (Zeiss) equipped with a CoolSNAPcf camera (Photometrics) and MetaVue software (Molecular Devices).
For global analysis of plate cell migration, dechorionated embryos were mounted in 0.4% agarose in embryo medium. Z-stacks were collected at 1-or 2-min intervals on a thermostated Nikon spinning disk. Adjacent z-stacks were stitched with XuvTools (49) . Nuclei were automatically tracked by using Imaris software (Bitplane). Tracks were manually corrected and validated. Speed, persistence, and coherence analyses were performed in Matlab using custom-made routines (SI Materials and Methods provides more details). Descriptions of injected RNAs and morpholinos, illustration software, and statistical analyses are provided in SI Materials and Methods.
